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Summary 
Six tubing alloys were endurance tested in a diesel- 

fired, Stirling engine simulator materials test rig for 
lo00 hours at 760' C while pressurized at 17 to 21 
MPa with either hydrogen or helium. The alloys 
tested were N-155, A-286, Incoloy 800, 19-9DL, 
Nitronic 40, and 316 stainless steel. All alloys were in 
the form of tubing with an outside diameter of 
4.8 mm and a wall thickness of 0.8 mm. Hydrogen 
permeated rapidly through the walls of all six alloys 
when they were heated to 760" C,  and 
repressurization was required every 5 hours during 
rig testing. In contrast, helium was readily contained. 
Creep-rupture failures occurred in four of the six 
alloys pressurized with helium and in two of the six 
alloys pressurized with hydrogen. Only two alloys 
survived the 1000-hour endurance test with no 
failure, N-155 and 3 16 stainless steel. Simultaneous 
exposure to either hydrogen or helium and the 
combustion environment at 21 MPa and 760" C did 
not seriously degrade the tensile strength of the six 
alloys in tests at room temperature and 760" C after 
exposure. Decreases in room-temperature ductility 
were noted and are attributed to aging rather than to 
hydrogen embrittlement or oxidation in three of the 
alloys. However, there may be a hydrogen 
embrittlement effect in the N-155, 19-9DL, and 
Nitronic 40 alloys. 

Introduction 
The work described in this report was conducted as 

a part of the supporting research and technology 
activities under the DOE-NASA Stirling Engine 
Highway Vehicle Systems program (ref. 1). 

In the Stirling engine for automotive application 
the working fluid, hydrogen, is passed through the 
hot zone in a series of small thin-wall tubes, which 
are required for efficient heat transfer from the hot 
zone to the working fluid (ref. 2). The hot, high- 
pressure gas is then expanded to drive one or more 
pistons, which actuate the drive system. After 
cooling, the gas is then recirculated back to the hot 
zone to repeat the cycle. Containment of hydrogen in 
the high-temperature heater tube assembly is 
essential for proper performance. In addition, 
materials reliability under the influence of this high- 
pressure hydrogen (21 MPa) at high temperature 
(760' to 870" C) must be assured. To meet these 
requirements, an iron-base superalloy (N-155) is 

presently being used for heater tubes in the high- 
temperature heating assembly. As this alloy contains 
approximately 20 percent cobalt, which is expensive 
and in short supply, alternative materials are 
desirable (ref. 3). Thus a major long-term goal of the 
materials technology program is to identify or 
develop a strong, oxidation-resistant, low-cost alloy 
for this application. 

The work described in this report was conducted to 
evaluate the performance of N-155 and five other 
candidate heater tube alloys under conditions of 
temperature, pressure, and environment (hydrogen 
and combustion products) that simulate the actual 
operation of a Stirling-powered highway vehicle. The 
other candidate alloys were A-286, Incoloy 800, 
19-9DL, Nitronic 40, and 316 stainless steel. The 
data presented are from the first 1000-hour 
endurance test conducted in the NASA Lewis Stirling 
engine simulator test rig. 

Experimental Procedures 

Materials 

The six alloys used in this study were obtained 
commercially in the form of tubing with an outside 
diameter of 4.8 mm and an inside diameter of 
3.2 mm. Three of the alloy tubes were weld drawn: 
N-155, 19-9DL, and Nitronic 40; and three were 
seamless: A-286, Incoloy 800, and 316 stainless steel. 

Chemical analyses of the six alloys as reported by 
the fabricator are shown in table I. All are iron-base 
superalloys with substantial amounts of nickel and 
chromium. Note that Nitronic 40 has 9.0 percent 
manganese substituted for some of the nickel. 
Average grain sizes ranged from 9 pm for 19-9DL 
to 32 pm for Incoloy 800. The microstructures of 
the six alloys in the as-received condition are shown 
in figure 1. 

The tubing alloys were evaluated in the Stirling 
materials rig in the form of hairpins, as shown in 
figure 2. Each leg of the hairpin was 30.5 cm long 
with 2.5 cm between legs. Four of these hairpin tubes 
were attached to a copper module with internal 
passages and external tubes and valves for filling 
each module with the proper gas (hydrogen or 
helium). A module with hairpin tubes attached is 
shown in figure 3. The tubing was attached to the 
module with gas-tight mechanical connectors. Also 
shown in figure 3 is the thermocouple that was 
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attached at the bottom of the hairpin tube and the 
lead to the pressure transducer that was located 
adjacent to the thermocouple plug at the top of the 
module. The hairpin tubes were connected in series 
and were filled through the tubing and valves located 
on top of each module. When one tube failed, the 
pressure in the remaining three was lost. 

Before installation in the rig each assembled 
module was leak checked to 10 MPa with helium by 
submersion under water and then proof tested to 
30 MPa with Varsol (an organic liquid). The module 
was then flushed with acetone. The proof pressure of 
30 MPa is three times the room-temperature charging 
pressure of 10 MPa and 1.5 times the maximum 
pressure at the operating temperature of 760” C. 
Little difficulty was experienced in achieving 
leakproof modules, and no failures were experienced 
during proof testing of the 12 modules. “High 
purity” hydrogen (commercially procured) was used 
during the first 500 hours of rig testing. Analyses of 
the hydrogen are shown in table 11. Note that the 
oxygen content of high-purity hydrogen averaged 
53 ppm. Commercial-purity hydrogen was used 
during the last 5 0 0  hours of rig testing in order to 
evaluate purity effects on hydrogen retention. The 
oxygen content of this hydrogen ranged from 364 to 
526 ppm for all bottles except one, where oxygen was 
not detected. Individual bottles of commerical-purity 
hydrogen contained l.X?-voI% CO, 23.2 ppm H20, 
or 157 ppm CH4. Analyses of the helium used 
revealed no detectable amount of oxygen. 

Stirling Simulator Rig 

The Stirling simulator test rig used in this progam 
was designed and fabricated at the Lewis Research 
Center; it consists primarily of a heating chamber 
with an auxiliary heating, control, and gas- 
management system. A schematic of the heating 
chamber is shown in figure 4. The heating chamber 
consists of a doubled-walled, air-cooled, closed 
cylinder with a combination diesel oil and natural gas 
burner at the bottom. An air blower supplies 
combustion air to the burner and cooling air to the 
chamber walls and the burner. A thin layer, 1.3 cm, 
of insulation between the double walls of the 
chamber and a 7.6cm layer at the top aid in keeping 
the outside of the heating chamber cool. The 
combustion gases are vented outside the building 
through a 25cm doubled-walled exhaust stack. Two 
of these rigs have been constructed and are shown in 
figure 5. 

The heating chamber is fitted with two 
thermocouples, one for temperature control and a 
second for overtemperature automatic shutdown. 
The burner control includes two timers for automatic 

cycling; thus, two heating cycles of different 
durations can be run either once or in multiple series. 
To permit automatic unattended operation, the 
supply systems for air, oil, natural gas, and cooling 
water are all equipped with safety pressure sensors 
and automatic shutoff valves. If any of these delivery 
systems should fail, the entire rig is automatically 
shut down. The 1000-hour endurance test was not 
conducted in the automatic mode but rather in 
5-hour cycles that were manually started and 
automatically shut down. This mode of operation 
was necessitated by the requirement for hydrogen 
repressurization after each cycle. 

Each rig has 12 test modules located at the top of 
the heating chamber (fig. 4). These modules are 
installed by insertion into holes spaced around the 
top of the heating chamber. Each module is bolted to 
the top of the heating chamber. Each is equipped 
with a pressure transducer with a range from 0 to 
34 MPa. These transducers are strain-gage devices 
made of 304 stainless steel and sealed to the module 
with an elastomeric “0” ring. Cooling of the 
modules near the transducer was achieved by 
situating the modules on water-cooled copper blocks. 
Each module was also equipped with a Chromel- 
Alumel thermocouple wired to the bottom of one of 
the hairpins. This can be seen in figure 3. The 
temperature and pressure from each module were 
continuously recorded during rig operation. 

Each rig is equipped with helium or hydrogen 
charging manifolds located on the top cover of each 
heating chamber, as shown in figure 6. These 
manifolds and the two valves on each module permit 
evacuation and charging of the modules. The 
modules are arranged around the top of the rig such 
that alternate modules contain the same gas 
(hydrogen or helium). Thus six modules (one of each 
alloy) were charged with hydrogen and six with 
helium during the 1000-hour endurance run. The 
modules containing a given gas could be charged 
individually or as a group. Standard charging 
procedure consisted of evacuation to 10” MPa and 
flushing with helium. After the third flush the 
modules that were to  contain helium were pressurized 
to 10 MPa. The modules that were to be filled with 
hydrogen were purged with hydrogen for 15 seconds 
and then pressurized to 10 MPa. 

A typical heating cycle consisted of a 1.5-minute 
preheat with natural gas, a 2-minute burn with a 
combination of natural gas and low-pressure diesel 
oil, a 1.5-minute burn with a combination of natural 
gas and high-pressure diesel oil, and a 5-hour burn 
with high-pressure diesel oil. A 2-minute gas burn 
was used at the end of each 5-hour cycle. The 
cooldown time between cycles was 1 hour or longer. 
After cooldown the modules containing hydrogen 
were vented and refilled. The helium modules did not 

2 



require refilling after each cycle; they were evacuated 
and refilled only after hairpin replacement following 
failure or leak. The helium pressure was maintained 
at 17 to 21 MPa during the 5-hour cycles until two 
hairpins of a given module failed. After this the 
pressure in that module was reduced to 1 to 2 MPa to 
prevent further hairpin failures and to allow post-test 
mechanical property comparison with the hydrogen- 
containing tubes, which usually did not fail during 
the 1000-hour test run. After completion of the test 
run or after failure, the hairpins were removed from 
the modules and sectioned for testing. 

The temperature profile inside the heating 
chamber of the rig was determined at the start of the 
1000-hour endurance run. The profile was 
determined by measuring the temperature at three 
locations on each module. The thermocouples were 
fastened to each module at the bottom bend of the 
hairpin, 10.2 cm from the bottom bend, and 22.9 cm 
from the bottom bend. 

Postexposure Evaluations 

Postexposure evaluation included both tensile 
testing and metallography. 

Tensile tests were conducted on tube specimens at 
room temperature and at 760" C. The grips and a 
tensile specimen are shown in figure 7. The bottom of 
the  tensile specimen is enclosed in the grips. An 
exploded view of the grip components is shown at the 
top of the specimen. The specimens were 10.2 cm 
long for testing at room temperature and 17.8 cm 
long for testing at 760" C. A solid tool steel pin 
2.5 cm long was inserted into the tube ends to prevent 
collapse of the tube during testing. The elongation 
after testing was determined from measurements on 
prescribed marks on the tensile specimens. All tests 
were conducted at a crosshead speed of 0.25 cm/sec. 

The metallographic specimens were sectioned from 
a hairpin tube taken from each module. The 
specimens were polished, etched, and then examined 
at magnifications of lOOX and SOOX. 

Results 

Temperature Profile 

The results of the temperature profile run are 
shown in figure 8. This figure shows the temperature 
at the top, middle, and bottom locations on the 
module plotted against the angular position around 
the furnace. At the top location the temperature 
varied from 746" C to 798" C, with the highest 
temperature at the 30' (module 1) location. The 

temperature at the middle location varied from 
740" C to 760" C. The greatest temperature variation 
was at the bottom location, where the temperature 
varied from 730" C at the 90' (module 3) location to 
780" C at the 60" (module 2) location. The 90" 
location is the position of a sight port through which 
a small amount of additional cooling air enters the 
hot zone. This was probably the cause of the lower 
temperature at this locatioii. 

Pressure-Time Relationships 

Hydrogen pressure-time data for all six alloys for 
five selected cycles during the 1000-hour endurance 
test are presented in table 111. The cycles selected 
were 9, 49, 101, 153, and 202. These represent 45, 
250, 500, 750, and lo00 hours, respectively, of the 
endurance test. The data show a rapid rise in 
pressure, to 17 to 21 MPa usually within 10 minutes, 
and then a decay in pressure during the remainder of 
the cycle. This pressure decay with time results from 
permeation of hydrogen through the hot tube walls 
and varied with the alloy, with the impurity content 
of the hydrogen, and with time during the endurance 
run. 

Examination of the data in table I11 shows that 
large changes in the pressure decay characteristics 
occurred in N-155, Incoloy 800, Nitronic 40, and 3 16 
stainless steel. Little or no change took place in 
A-286 and 19-9DL. The greatest changes occurred in 
Incoloy 800 and Nitronic 40 during the last half of 
the endurance test, represented by cycles 153 and 
202. Typical pressure decay curves for Incoloy 800 
are shown in figure 9. 

Under conditions such that the diffusion of 
hydrogen through the metal lattice is rate controlling, 
the permeation flux is described by 

where 
j flux, cm3/sec 
v volume, cm3 
t time, sec 
cp permeability coefficient, cm2/sec MPa1I2 
A permeating area, cm2 
I membrane thickness, cm 
P1 

P2 

gas pressure on entrance side of membrane, 

gas pressure on exit side of membrane, MPa 
MPa 

For a closed system the pressure P as a function of 
time t can be calculated by rearranging and 
integrating equation (1) to give 
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where 
P 
PO original pressure, MPa 
P, standard pressure, MPa 
T1 temperature of system, K 
VI volume of system, cm3 
T, standard temperature, K 

pressure in closed system, MPa 

N-155 
A-286 
Incoloy 800 
19-9DL 

This relationship strictly applies to a flat sheet 
specimen; however, it is suitable for the calculation 
of approximate permeability coefficients for the tube 
specimens. The permeability coefficient p was 
calculated for each alloy, with the results shown in 
table IV. The permeability coefficient Q varied from 
1.1 x loe5 for 316 stainless steel during cycle 9 to 
3.3 x lo-' for Nitronic 40 during cycle 153. Also 
shown in table IV are the average permeability 
coefficients for the first 500 hours (cycles 9, 49, and 
101), during which high-purity hydrogen was used. 
In all cases the average permeability coefficients for 
the first 500 hours into the endurance run were 
greater than those for the last 500 hours, where 
commercial hydrogen was used. The largest changes 
in the average permeability coefficient were for 
Incoloy 800 and Nitronic 40, with smaller changes in 
N-155 and 316 stainless steel. Little change was 
noted for A-286 and 19-9DL. 

The permeability coefficients for four of the alloys 
(N-155, A-286, Incoloy 800, and 19-9DL) obtained 
during the first 500 hours are compared in the 
following table with those obtained for the same four 
alloys at 760" C in another program (ref. 4) in which 
very high-purity hydrogen with less than 1 ppm 
oxygen was used: 

Permeability coefficient, 
cm'/sec MPa"' 

7.0~ 1 . 8  x 10.' 
5.2 1 .5  
3.6 1.4 
5 . 8  1.4 

I This study I Reference 4 

Note that the permeability coefficients for the four 
alloys in each study are all cf the same order of 
magnitude and that the differences between the two 
studies are within a factor of 4, with the higher 
permeabilities occurring in the study with the higher 
purity hydrogen. 

A factor that is considered to have a large 
influence on apparent permeability rates is the 
condition of the surface of the metal. In particular, 
the presence or absence of a surface oxide film 
should have a large influence on the apparent 
permeability of the hydrogen through the tube wall. 
Examination of the data in table IV indicates that the 
increased oxygen content of the hydrogen used after 
500 hours can be correlated with reduced hydrogen 
permeability during subsequent cycles. The large 
changes in permeability for Incoloy 800 and Nitronic 
40 are postulated to be due to the formation of oxide 
films on the inside surface of the tube since there are 
several highly stable oxide formers in these two 
alloys. These oxide formers are chromium, 
manganese, titanium, silicon, and aluminum. 

To determine if any oxide layers were present on 
the inside surface of the tubes, cross sections of the 
exposed tubes were examined metallographically and 
by X-ray diffraction. Figure 10 shows the cross 
sections for each alloy at a magnification of 100X. 
Figure 11 shows a typical inside surface of a tube at 
500X. No oxide layer could be identified on any of 
the inside surfaces at a magnification of 500X. 
However, X-ray diffraction studies made on particles 
scraped from the inside surfaces of the tubes 
identified trace amounts of sesquioxides (Fez03 - 
Cr2O3). This identification was made with difficulty 
since the amount of oxide on the inside of the tubes 
was very small. 

The inner edge of the Nitronic 40 tube that was 
exposed to hydrogen is shown in figure 12. A 
reaction has taken place on the inner edge to a depth 
of approximately 0.06 mm. The Nitronic 40 tube that 
was exposed to helium for 542 hours did not show 
this effect. The nature of this reaction has not yet 
been identified. 

Metallographic examination of the outside 
surfaces of the tubes revealed a thick oxide layer on 
several outside surfaces. Figure 13 shows the thick 
layer present on the 19-9DL and 316 stainless-steel 
tubes. This layer has also been identified as a 
sesquioxide (Fez03 -Cr 2 0 3 ) .  

One consequence of the loss of hydrogen through 
the hot walls of the heater tubing in a Stirling engine 
is the requirement to recharge the system with 
hydrogen in order to maintain engine power. We 
estimate that a 10 percent loss in hydrogen would 
require a recharge. It would be desirable to recharge 
no more frequently than once every 6 months, 
equivalent to about 170 hours of actual driving time. 
Using the permeability coefficients for the six alloys 
and assuming commercial-purity hydrogen, a 7-liter 
reservoir at 21 MPa, and a 1-liter engine capacity at 
720" C, we estimate the time required between 
recharging operations (10 percent hydrogen loss) as 
follows: 
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interval, 

~~ 

N-155 
A-286 
lncoloy 800 

Nitronic 40 
316 Stainless steel 

19-9DL 

70 
50 

310 
40 
230 
100 

Only two alloys, Incoloy 800 and Nitronic 40, 
would require less frequent recharging than the 
desired 6-month time period. The calculated times 
between engine recharges with hydrogen should be 
treated only as estimates. They also will vary with 
reservoir size and with pressure. 

Tubing Failures 

Many of the hairpin tubes failed during the 
1000-hour endurance test. The tubes that contained 
helium experienced more failures than did those that 
contained hydrogen because of the constant pressure 
maintained in the helium-containing tubes 
throughout each of the 5-hour cycles. In contrast, the 
hydrogen pressure decayed with time and thereby 
reduced the stress in the tube wall for part of each 
cycle. The tube failure times are shown in table V. 

Tubing failures occurred in four of the six alloys 
that contained helium. One tube of A-286 failed at 
710 hours, one tube of Incoloy 800 failed at 614 
hours, and six tubes of 19-9DL failed at 164 to 273 
hours, Six tubes of Nitronic 40 failed during the 
endurance test at times ranging from 120 to 192 
hours. No tubing failures occurred in the N-155 or 
316 stainless-steel alloys. 

In those modules that contained hydrogen, only 
two experienced failures. These were 19-9DL at 820 
to 973 hours and Nitronic 40 at 163 to 619 hours. 
These two alloys also had the most failures in those 
tubes that contained helium. 

Tensile Properties 

The tensile properties of the as-received tubing 
were determined at  NASA Lewis. After completion 
of the 1000-hour endurance test, the hairpin tubes of 
the six alloys were sectioned for tensile testing to 
determine the effect of rig environment on tensile 
properties. Each of the six alloys had been exposed to 
both hydrogen and helium in addition to the burner 
combustion products at 760' C for loo0 hours. Both 
room-temperature and high-temperature (760" C) 
tensile tests were conducted. Two specimens of each 
alloy were tested at room temperature, and at least 
one specimen representative of each alloy and 
environment was tested at 760' C. The results of 

these tests are described in the following sections. 
As-receioed properties. -The room-temperature 

tensile properties of the as-received tubing are 
presented in table VI. The ultimate strengths of the 
six alloys ranged from 878 MPa for N-155 to 600 
MPa for Incoloy 800. The three highest strength 
alloys were N-155, 19-9DL, and Nitronic 40. The 
tensile elongations were good for all six alloys, 
ranging from 34.5 percent for A-286 to 54 percent 
for 316 stainless steel. 

The high-temperature tensile properties of the as- 
received materials are given in table VII. The tensile 
strengths at 760" C ranged from 434 MPa for A-286 
to 226 MPa for 316 stainless steel. The tensile 
elongations ranged from 56 percent for Incoloy 800 
to 26.5 percent for 19-9DL. 

Post-endurance-test properties. -The tensile data 
at room temperature and at 760" C for the six alloys 
after exposure under pressure with hydrogen and 
helium in the rig for 1000 hours are given in tables VI 
and VII, respectively. Exposure in the rig resulted in 
little or no reductions in tensile strength at room 
temperature for all six alloys studied. Two alloys, 
A-286 and 316 stainless steel, showed higher 
strengths after exposure. There were, however, large 
reduct ions in duct i l i ty  fo r  th ree  of the  
alloys-N-155, A-286 and 3 16 stainless steel-after 
exposure during the 1000-hour endurance test. In 
these three alloys, both the tubes that contained 
hydrogen and those that contained helium were 
affected, an indication that aging embrittlement had 
occurred. The large reduction in ductility for N-155 
suggests hydrogen embrittlement in this alloy. This 
may also be true for 19-9DL and Nitronic 40 since 
both alloys showed slight reductions in ductility in 
those tubes that contained hydrogen. Note, however, 
that none of the tubes of these two alloys survived the 
1000-hour endurance test and that the tubes that 
contained hydrogen were exposed longer in the rig 
than those that contained helium. The losses in 
ductility in 19-9DL and Nitronic 40 alloy tubes that 
contained hydrogen may be an aging effect caused by 
the longer times at temperature. 

Comparisons of the 760" C tensile data show that 
N-155, A-286, and 19-9DL were weakened by 
exposure at 760" C for lo00 hours. The reductions in 
ultimate strength occurred in both the tubes that 
contained hydrogen and those that contained helium, 
an indication of an aging reaction. 

Discussion 
The results of the first 1000-hour endurance test at 

760' C indicate that the Stirling engine simulator 
materials test rig is a useful tool for evaluating heater 
tube alloys. The ability to test several alloys under 



two different gaseous environments at various 
pressures is a distinct advantage over on-the-road 
vehicle testing, test cell engine testing, or static 
laboratory materials tests. The temperature variation 
of 68 degrees at 760" C in the heating chamber, 
although large for laboratory creep-rupture testing, 
is adequate for determining high-temperature 
material behavior trends and for approximating 
permeability in heater tubes. It has been shown that 
helium can readily be contained in the heater tubes at 
21 MPa and 760" C but that hydrogen permeates 
through the tube walls and must be replenished 
periodically. The use of helium in Stirling engines is 
technically feasible; however, the loss in engine 
efficiency due to the higher molecular weight of 
helium is a powerful driver for the use of hydrogen 
(ref. 5 ) .  

During the early 5-hour segments of the endurance 
test all alloys lost hydrogen rapidly. The inability to 
maintain a constant hydrogen pressure throughout a 
5-hour cycle is a deficiency of the rig; however, 
approximations of hydrogen permeability were 
determined for each of the alloys. The hydrogen loss 
rate was greater during the first half of the 1000-hour 
endurance run, where high-purity hydrogen was 
used, than during the last half, where commercial- 
purity hydrogen was used. The major difference 
between these two types of hydrogen is the presence 
of approximately 350 ppm of oxygen in commercial- 
purity hydrogen. This small amount of oxygen 
decreased hydrogen permeability in all alloys. There 
were substantial decreases in hydrogen permeability 
in Incoloy 800 and Nitronic 40 and lesser decreases in 
N-155 and 316 stainless steel. These reduced 
permeabilities during the later segments of the 
endurance run are thought to be associated with the 
formation of very thin oxide films on the inside 
surfaces of the tubes. Thus the presence of strong 
oxide formers such as chromium, manganese, 
titanium, silicon, and aluminum in the alloy in 
conjunction with the oxygen impurity appear 
necessary for reducing hydrogen permeability. No 
attempts were made to use hydrogen with larger 
additions of oxygen because mixtures with as little as 
4 percent oxygen are explosive. 

The permeability coefficients for the six alloys 
were used to estimate the time required to effect a 10 
percent hydrogen loss in a Stirling engine with a 
hydrogen reservoir. This estimate was made for a 
1-liter engine and a 7-liter reservoir. The results show 
that two of the alloys would contain hydrogen 
adequately for 6 months or longer of normal driving. 
These alloys were Incoloy 800 and Nitronic 40. The 
times calculated for recharging the engine with 
hydrogen should be treated only as estimates since 
conditions inside the Stirling engine are different 

from those in the rig. One such difference is that oil 
required in the Stirling engine can and apparently 
does contaminate the hydrogen during engine 
operation. This oil contamination can result in 
carbide formation in addition to oxide surface films 
being deposited on the tube walls, thereby reducing 
the rate of hydrogen loss from the engine (ref. 6). 

The room-temperature tensile properties of the 
alloys were not severely degraded by the 1000-hour 
exposure with hydrogen or helium. The tensile 
strengths of A-286 and 316 stainless steel were 
slightly higher after the endurance test than in the as- 
received condition, and there was a slight loss in 
room-temperature elongation for these two alloys 
and for N-155. When they were tested at 760" C after 
the 1000-hour exposure, the tensile strengths of 
N-155, A-286, and 19-9DL were lower than in the 
as-received condition. The reductions in strength 
were not large, and there were no large differences in 
microstructure between the as-received and exposed 
tubing. 

Sheet specimens of the six alloys in the as-recieved 
condition have been evaluated in creep rupture in 
another part of the Stirling materials evaluation 
program (ref. 7).  The results are shown in table VIII. 
Based on a hoop stress of 50.5 MPa (calculated for a 
gas pressure of 19.3 MPa), the rupture lives predicted 
from the creep-rupt ure study varied from greater 
than 60 OOO hours for the N-155 to 350 hours for 316 
stainless steel. The average lives of the helium-filled 
tubes during the endurance run, as shown in table 
VIII, varied from 154 hours for Nitronic 40 to 
greater than loo0 hours for N-155 and 316 stainless 
steel. In general, the results of the creep-rupture tests 
were consistent with the order of failure of the alloys 
in the rig, except for 316 stainless steel. The creep- 
rupture study indicated this to be the weakest alloy, 
but no failures occurred during the 1000-hour 
endurance test. Furthermore the creep-rupture lives 
were greater than those observed during rig testing. 
These differences may be due to different methods of 
manufacture for the sheet and tubing specimens, 
temperature variations in the rig, or slight chemistry 
differences between the sheet and tubing specimens. 
In addition, the grain size of the material has a 
marked effect on rupture strength of these alloys. 
For example, it was shown for 19-9DL (ref. 7) that 
increasing the grain size from 5 pm to about 28 pm 
produced a concomitant increase in rupture strength 
of a factor of 4 over the temperature range 700" to 
815" C. The relatively fine grain size of 9 pm for the 
19-9DL tubing used herein probably attributed to its 
relatively short life in the Stirling materials rig. We 
estimate that a life of at least loo0 hours in the rig 
test would be required for consideration of an alloy 
for the engine application. 
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In view of the failures that occurred during the 
1000-hour endurance test and the rapid loss of 
hydrogen during each of the 5-hour cycles, especially 
when pure hydrogen was used, none of these heater 
tube candidate alloys possesses both adequate 
strength and adequate resistance to hydrogen 
permeability at 760" C. To obtain a low-cost heater 
tube alloy, it appears that alloy modification will be 
necessary to provide the combination of high 
strength and low permeability required. 

Summary of Results 
Endurance testing of six tubing alloys in a diesel- 

fired Stirling engine simulator materials test rig for 
lo00 hours at 760" C and 17 to 21 MPa had the 
following results: 

1. All alloys lost hydrogen rapidly during the early 
5-hour segments of the endurance test, when high- 
purity hydrogen was used. Loss rates for Incoloy 800 
and Nitronic 40 decreased significantly during the 
last 500 hours of the test, when commercial-purity 
hydrogen was used. 

2. Permeability of hydrogen through the alloy 
tubing is strongly affected by the alloy composition 
and the oxygen content of the hydrogen. Oxygen 
contents as low as 350 ppm substantially reduced the 
permeability in Incoloy 800 and Nitronic 40. Lesser 
reductions in permeability were also observed for 
N-155 and 316 stainless steel. 

3. The reduced permeabilities during the later 
segments of the endurance tests are thought to be 
associated with formation of thin oxide films on the 
inside surfaces of the tubes. It is further postulated 
that these films require the presence of strong oxide 
formers such as chromium, manganese, titanium, 
silicon, or  aluminum i n  the alloy plus oxygen as an 
impurity in the hydrogen. 

4. Tensile strengths at room temperature were 
increased for A-286 and 316 stainless steel, but the 
strengths of the other four alloys were hardly 
affected by the 1000-hour exposure to hydrogen or 
helium. The loss in room-temperature ductility for 
N-155 indicates a possible hydrogen embrittlement 
effect. 

5. Tensile strengths at 760" C were reduced after 
endurance testing for N-155, A-286, and 19-9DL. 
The strengths of the other three alloys were 
essentially unaffected. Tensile elongations of all 
alloys evaluated were above 20 percent after 
endurance testing. 

6. Creep-rupture failures in tubes pressurized with 
helium occurred with four of the six alloys tested. No 
failures occurred in N-155 and 316 stainless steel. 
The failure times could enerally be correlated with 
expected creep-rupture li f e. 
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TABLE 11. - HYDROGEN ANALYSES FOR 1000-HOUR 

ENDURANCE TEST AT 760' C IN RIG A 

Hydrogen Nitrogen Oxygen Argon Carbon 
type dioxide 

Other 

43 
65 

61 
4 31 

364 
386 
526 
415 
438 

0 
50 2 

I 
0 
0 
0 

13 

25 
0 

25 
24 
24 
0 

13 

i 
Commercial 

4425 
3862 
3329 
1576 

I 2624 

78 
90 

104 
113 

124 
135 
148 
163 
174 
185 
199 

1: 
2793 

372 
437 
511 
552 

611 
658 
728 
804 
856 
912 
982 

aExcept where noted, 
bNo analyses before 330 h r  - all  high purity.  

~~ 

90 

39 
20 6 
7 3  

141 

221 
595 
152 
121 
122 
17 8 
143 



TABLE IU. - HYDROGEN PRESSURE DECAY FOR FIVE SELECTED CYCLES 

DURING 1000-HOUR ENDURANCE TEST 

(a) N-155 

49 9 10 1 1 153 20 3 

Jressure,  
M Pa 

19 .1  
17.2 
11.7 

5 .5  
2 . 1  

. 3  

.1 

180 7.8 
5 .4  
3.9 

Cycle 
t ime, 
min 

8 
33 
60 

120 
180 
240 
300 

240 

?ressure,  
M Pa 

20.3 
17 .2  
14.5 
9 . 2  
5 .5  
3.0 
1 . 6  

I 

Cycle 
t ime, 
min 

10 
25 
60 

120 
180 
240 
300 

19.6 
17.2 
15.0 
10.0 
6 . 6  
4 . 3  
2.9 

~ 

Pressure ,  
MPa 

Cycle Pressure ,  
time, MPa 
m in 

Cycle 
t ime, 
min 

:ycle 
:ime, 
min 

10 
24 
60 

120 
180 
240 
300 

8 
22 
60 

120 
180 
240 
300 

8 
25 
60 

120 
180 
240 
300 

Pressure ,  
MPa 

19.0 
1 7 . 2  
13.0 
7 .6  
3 .5  
1 . 9  
.8 

8 
55 
60 

120 
180 
240 
30 0 

18.1 
17.2 
15 .0  
11.7 

9 . 6  
7 . 2  
5 . 3  

11 
38 
60 

120 
180 
240 
30 0 

19.0 a 
17.2 37 
13.1 60 
7.8 120 
4.6 180 
2.2 240 
1.0 300 

20.5 10 
17.2 19 
15.2 60 
10.5 120 
7.2 180 
4.8 240 
3 .3  300 

(c) Incoloy 800 

13.2 
1 0 . 3  
8 .0  
6.0 

20.9 
_--_ 
17.2 
15.2 
12.8 
10.7 

9.1 

10 
--- 
60 

120 
180 
2 40 
300 

17.8 
17.2 
14.1 
10.5 
7.8 
5.4 
4.0 

8.8  
240 6.7 

5.2 

17.2 
16.4 
15.6 240 
14.8 

19 .3  
---- 
19.1  
18.8 
1 8 . 3  
17.8 
17.2 



TABLE rI1. - Concluded. 

9 49 101 

(d) 19-9DL 

153 20 3 

Cycle I 

Pressure,  
k1 Pa 

20.5 
17.2 
15.0 
9.1 
5.3 
2 . 9  
1.6 

Cycle 
time, 
m in 

10 
22 
60 
120 
180 
240 
30 0 

Cycle 
time, 

120 
180 
240 
300 

Pressure ,  
iV P a  

19.6 
17.2 
15.1 
9.3 
5.7 
3.3 
1.8 

Pressure  

4.4 
2.9 

Cycle 
time, 
min 

8 
37 
60 
120 
180 
240 
300 

Cycle 
time, 
min 

10 20.7 38 20.0 15 
39 17.3 
60 15.0 60 19.9 60 
120 9.3 120 19.5 120 
180 5.7 180 19.2 180 
240 3.2 240 18.8 240 
300 1.7 300 18.3 300 

--- _--- --- 

8 
34 
60 
120 
180 
240 
30 0 

18.4 
__-_ 
17.9 
16.4 
14.E 
13.4 
12.2 

12 
35 
60 
120 
180 
240 
300 

19.3 
17.2 
15.6 
12.1 
9.1 
6.9 
5.3 

17.2 

240 3.6 
2.1 

10 20.7 
54 17.2 
60 16.9 
120 12.4 
180 9.1 
240 6.4 
300 4.3 

10 
20 
60 
120 
180 
240 
30 0 

10 
50 
60 
120 
180 
240 
30 0 

19.0 
17.3 
10.0 
3.0 

. 3  

.2 

.2 

8 
28 
60 
120 
180 
240 
30 0 

19.6 
17.2 
13.2 
7.2 
3.4 
1.4 

. 5  

Pressure ,  
M Pa  

18.4 
17.2 
13.8 
9.5 
6.4 

2.6 
4.1 

Cycle 
time, 
min 

12 
21 
60 
120 
180 
2 40 
300 

Pressure ,  

13.2 

18.6 
17.2 
16.9 
14.6 
12.6 
10.8 
9.1 

- 
15 

62 
120 
180 
240 
30 0 - 

18.E 

17.2 
15.0 
12.9 
11.2 
9.5 



TABLE IV. - HYDROGEN PERMEABILITY COEFFICIENTS AT 760' C 

Alloy cycle Alloy 

N-155 A-286 Incoloy 800 19-9DL Nitronic 40 316 Stainless 
s teel  

9 
49 
101 
153 
202 
Average for 

9, 49, 101 
Average for 

153. 202 

6.6 x10 -6 
8 . 6  
5 . 9  
3.2 
2 .3  
7.0 

2.8 

Permeability coefficient, c m  2 /see MPa 1/2 

4.0 
3.5 .38 5.6 1 .2  

TABLE V. - TUBING FAILURE TIMES DURING 

760' C ENDURANCE TEST 

Alloy 

N -155 
A -286 
Incoloy 800 

19-9DL 

Nitronic 40 

316 Stainless s teel  

Fa i lure  t imes,  
ir in indicated environment 

Helium 

(4 
7 10 
614 

164 
203 
217 
263 
269 
27 6 
120 
131 
143 
164 
17 5 
192 

(4 

Hydrogen 

1 1 . 0 x10 -6 
7 . 2  
4 . 0  
2.0 
2.0 
7 . 4  

2.0 

a~~ failure. 



TABLE VI. - ROOM-TEMPERATURE TENSILE PROPERTIES~ OF TUBING 

ALLOYS BEFORE AND AFTER ENDURANCE TESTING 

Alloy Rig environment Rig 
exposure, 

I hr 

b A s  received 
Helium 
Hydrogen 

N-155 ---- 
1000 
1000 

87 8 
855 
8 34 

A-286 

45 
26 
16 

As received b 
Hel ium 

Hydrogen 

hcoloy 800 

---- 
1000 

1000 

364 
378 

345 

293 
235 
248 

19-9DL 

699 34.5 
7 2 4  14.5 

7 51 16.5 

60 0 38 
616 26 
60 3 35 

A s  received 
Helium 
Hydrogen 

__-- 
1000 
1000 

percent 

As received b 
Helium 
Hydrogen 

480 
422 
455 

---- 
520 
820 

78 5 
7 17 
67 8 

43 
46.5 
31 

418 
28 9 
341 

Nitronic 40 

316 Stainless steel 

A s  received ---- 
Helium 5 32 
Hydrogen 61 9 

A s  received b ---- 
Helium 1000 
Hydrogen 1000 

459 
407 
414 

293 
32 1 
2 94 

822 53 
7 97 51 
7 97 42.5 

622 54 
7 37 31 
703 31 



TABLE VII. - TENSILE PROPERTIES AT 760' Ca OF TUBING 

0.2-Percent- Ultimate 
offset yield tensile 

strength, strength, 
MPa M Pa 

248 415 
27 3 355 
262 37 5 

299 434 
244 31 1 
2 34 30 2 

157 226 
159 229 
142 2 31 

133 30 6 
159 228 
157 2 27 

ALLOYS BEFORE AND AFTER ENDURANCE TESTING 

Elongation, 
percent 

27 
36 
34 

32 
37.5 
36.5 

56 
46 
55 

26.5 
43 
38 

Alloy Rig environment 

I hr 

Rig 
exposure, 

N-155 

A-286 

Incoloy 800 

19-9DL 

Nitronic 40 

316 Stainless s teel  

aAverage of two tests except where noted. 
bSingle test. 

A s  received ---- 
Helium 1000 
Hydrogen 1000 

A s  received ---- 
Helium 1000 
Hydrogen 1000 

A s  received ---- 
Helium 1000 
Hydrogen 1000 

A s  received ---- 
Helium 520 

8 20 Hydrogen 

As received ---- 
Helium 5 32 

619 Hydrogen 

As received ---- 
Helium 1000 

b 

b 

Hydrogen 1000 

Alloy 

N-155 
A-286 
Incoloy 800 
19 -9DL 
Nitronic 40 
316 Stainless s teel  

27 2 

226 
152 242 
152 2 39 

Grain Average Predicted 
size, failure life, a 

p t ime in h r  
helium, 

h r  

17 >lo00 60 000 
11 8 55 2 400 
32 807 2 000 

9 2 32 500 
15 154 37 5 
21 >lo00 350 

42.5 
40.5 

TABLE VIE. - AVERAGE AND PREDICTED 

TUBING FAILURE TIMES AT 760' C 

From ref. 7. a 

. .  . 
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(dt  19-9DL 

figure 1, -Continued. 



t f t  316 Stainless rteef. 

figure 1. -Concluded. 





Figure3. -Test module for Stirling engine simulator materials test rig. 









fa fitted. 

Figure 15. -Alloy rnicroitrudure after exposure in Stirling simulator rig. Magnification, lC6 



(b-if loo0 Hours; helium filled 

Ib-3 ID00 Hours; hydrogen filled. 

Figure IO. -Continued. 



figure 10, -Continued 





le41 542 Hours; helium filled. 

Figure la -Continued. 



tf-2t I# Hours; hydrogen filled, 

ff) 316 Stainless steel, 

Figure u). -Concfuded 








